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Abstract  While  depiction  and  deﬁnition  of  morphological  and  architectural  characteristics  of
CNS vascular  disorders  remains  the  ﬁrst  step  of  an  MR  analysis,  emerging  imaging  techniques
offer new  functional  information  that  might  help  to  characterize  rupture  risk  of  CNS  vascular
disorders.  Two  main  orientations  are  suggested  by  recent  studies:  inﬂammation  of  the  vessel
wall and  analysis  of  physical  constraints  of  blood  ﬂow  using  4D  ﬂow  imaging  (shear  parietal).
This paper  will  focus  on  radiological  application  of  4D  ﬂow  imaging  and  inﬂammation  imaging,  in
the characterization  of  potential  prognostic  markers  of  CNS  vascular  disorders.  We  will  review
the basic  technical  considerations  of  4D  ﬂow  MRA,  inﬂammation  imaging  and  discuss  their  appli-
cations in  CNS  vascular  disorders:  aneurysms,  arteriovenous  malformation,  dural  arteriovenous
ﬁstulas.  We  will  illustrate  their  potential  in  the  development  of  individual  rupture  risk  criteria
in brain  vascular  disorders.
© 2014  Éditions  franc¸aises  de  ra
∗ Corresponding author.
E-mail address: m.edjlali@ch-sainte-anne.fr (M. Edjlali).
http://dx.doi.org/10.1016/j.diii.2014.05.003
2211-5684/© 2014 Éditions franc¸aises de radiologie. All rights reserved.diologie.  All  rights  reserved.
1a
i
a
b
h
w
c
e
[
a
r
i
h
s
a
r
i
h
d
i
c
p
ﬂ
i
d
o
a
o
i
r
E
4
S
1
b
e
T
a
i
l
t
a
u
i
h
s
h
i
[
i
t
ﬂ
t
s
p
n
t
i
t
s
s
ﬂ
a
d
c
h
q
m
i
b
a
a
d
t
c
f
v
v
A
d
f
(
p
S
r
c
i
a
[
P
H
t
p
i
t
o
f
o
w
t
t
o
u
M
c
n188  
MR  imaging  developments  provide  new  tools  for  char-
cterization  of  brain  vascular  malformations,  such  as
ntracranial  aneurysms,  arteriovenous  malformations  (AVM)
nd  dural  arteriovenous  ﬁstulas  (DAVF).  The  ﬁrst  aim  of
rain  MRI  is  to  be  able  to  depict  a  vascular  disorder.  This
as  been  a  real  challenge  over  the  years  1990s  and  2000,
here  the  application  in  clinical  routine  of  time-resolved
ontrast  enhanced  MR  angiography  [1]  and  non-contrast-
nhanced  MR  angiography  (e.g.  3D  time-of-ﬂight)  sequences
2]  added  the  possibilities  of  MR  imaging  to  depict  AVMs
nd  aneurysms.  Although  catheter  angiography  remains  the
eference  for  the  evaluation  and  pretreatment  planning,
rradiation,  catheterism  risks  and  use  of  contrast  agents
ave  made  MRI  the  examination  of  choice  in  patients  with
uspicion  of  intracranial  vascular  malformation.
While  depiction  and  deﬁnition  of  morphological  and
rchitectural  characteristics  of  CNS  vascular  disorders
emains  the  ﬁrst  step  of  an  MR  analysis,  emerging  imag-
ng  techniques  offer  new  functional  information  that  might
elp  to  characterize  rupture  risk  of  CNS  vascular  disor-
ers.  Two  main  orientations  are  suggested  by  recent  studies:
nﬂammation  of  the  vessel  wall  [3]  and  analysis  of  physi-
al  constraints  of  blood  ﬂow  using  4D  ﬂow  imaging  (shear
arietal)  [4—6].
This  paper  will  focus  on  radiological  application  of  4D
ow  imaging  and  inﬂammation  imaging,  in  the  character-
zation  of  potential  prognostic  markers  of  CNS  vascular
isorders.  We  will  review  the  basic  technical  considerations
f  4D  ﬂow  MRA,  inﬂammation  imaging  and  discuss  their
pplications  in  CNS  vascular  disorders:  aneurysms,  arteri-
venous  malformation,  dural  arteriovenous  ﬁstulas.  We  will
llustrate  their  potential  in  the  development  of  individual
upture  risk  criteria  in  brain  vascular  disorders.
merging techniques
D Flow MRI
hortly  after  the  introduction  of  clinical  MR  imaging  in  the
980s,  Moran  [7]  demonstrated  that  velocity  and  ﬂow  could
e  measured  non-invasively  by  using  ﬂow-encoding  gradi-
nts  integrated  into  conventional  MR  imaging  techniques.
his  innovation  was  quickly  implemented,  resulting  in  2D
nd  3D  phase-contrast  MRA  [8].  However,  initial  excitement
n  4D  ﬂow  MR  imaging  was  dampened  by  low  resolution,
oss  of  signal  due  to  complex  ﬂow,  difﬁculty  in  selecting
he  velocity  encoding,  and  the  long  scanning  times  for  4D
cquisitions.  Recent  advances  in  accelerated  acquisition  and
ndersampled  reconstruction  open  the  possibility  of  extend-
ng  MRA  to  functional  information  [9].  Acquisition  times
ave  been  reduced  by  using  strategies  such  as  compressed
ensing  [10]  and  radial  k-space  trajectories  [9]. Shorter  TEs
ave  reduced  signal  loss,  and  new  encoding  strategies  have
mproved  the  dynamic  range  of  velocities  that  are  detected
11].  3T  scanners  and  32-channel  coils  provide  substantial
ncrease  in  signal  and  signal  detection,  enabling  higher  spa-
ial  resolution  examinations  [12].  Fast  high-resolution  4D
ow  imaging  techniques  are  now  applicable  in  clinical  set-
ing,  with  an  average  scan  time  of  6  minutes  per  encoding
peed.  Quantitative  ﬂow  measurements  including  velocity,
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ressure  and  wall  shear  stress,  adds  a  new  dimension  to
on-invasive  angiography.
Phase-contrast  sequences  are  the  basis  of  4D  ﬂow  MRI
echniques  using  the  change  in  the  phase  shift  of  the  ﬂow-
ng  protons  to  create  an  image.  Spins  that  are  moving  along
he  direction  of  a  magnetic  ﬁeld  gradient  receive  a  phase
hift  proportional  to  their  velocity  [9].  Phase-contrast  acqui-
ition  comprises  sequences  with  and  without  encoding  of  the
ows  that  produce  the  images  in  magnitude  (‘‘anatomical’’
spect  of  ﬂows)  and  in  phase  (‘‘quantitative’’  aspect:  ﬂow
irection  and  velocity).  A  suitable  encoding  speed  must  be
hosen  beforehand  to  avoid  an  aliasing  source  of  errors  in
igh-speed  measurement  [11].  Data  obtained  can  provide
ualitative  (ﬂow  visualization)  and  quantitative  measure-
ents.  Qualitative  information  provides  the  ﬂow  direction
n  each  voxel.  The  ﬂow  network  can  be  further  deﬁned
y  generating  velocity-derived  ﬂow-path  lines  providing
n  overview  of  the  dominant  ﬂow  channels.  The  vascular
natomy  can  be  eloquently  displayed  by  using  the  velocity
ata  within  each  voxel  to  derive  streamlines  weighted  by
he  distance  travelled  per  second.  The  resulting  virtual  MR
artography  [13]  requires  segmentation  of  vessel  boundaries
ollowed  by  manual  positioning  of  the  plane  emitter  by  using
essel  cross-sections  and  blood-ﬂow-tracking  within  these
essels  by  generating  velocity-based  selective  streamlines.
 selective  cartography  of  the  vascular  malformation  can  be
isplayed  by  choosing  the  starting  point  of  the  ﬂow-tracking.
Quantitative  measurements  include  velocity  and,  derived
rom  the  velocity  parameters,  pressure  and  wall  shear  stress
WSS)  maps  [12].  Pressure  maps  may  provide  access  to  the
ressure  variations  within  a  vascular  malformation.  Wall
hear  Stress  is  deﬁned  as  the  derivative  of  velocity  with
espect  to  the  distance  from  the  wall,  multiplied  by  the  vis-
osity.  It  represents  the  constraint  that  parallel  ﬂowing  ﬂuid
mposes  on  the  wall.  High  spatial  resolution  is  necessary  to
ccurately  acquire  WSS  at  the  boundary  zone  of  the  vessel
14].
arietal inﬂammation and bio-imaging markers
istopathologic  evidence  from  human  studies  of  aneurysm
issue  and  experimental  models  of  cerebral  aneurysms  sup-
ort  the  concept  that  inﬂammation  plays  a  major  role
n  intracranial  aneurysm  formation,  progression  and  rup-
ure.  Aneurysm  formation  is  thought  to  be  the  consequence
f  pro-inﬂammatory  changes  in  endothelial  cells.  This  is
ollowed  by  the  inﬁltration,  activation,  and  proliferation
f  inﬂammatory  cells.  These  processes  act  in  concert  to
eaken  the  arterial  wall  progressively,  resulting  in  dilata-
ion,  aneurysm  formation  and,  ultimately,  rupture  [15].
Several  approaches  have  been  proposed  to  image  in  vivo
he  aneurysms  walls  in  humans.  One  approach  is  based
n  image  analysis  using  inﬂammation  biomarkers.  Fer-
moxytol  [16]  (AMAG  Pharmaceuticals,  Inc.,  Lexington,
assachusetts),  a FDA  approved  iron  oxide  nanoparticle
oated  by  a  carbohydrate  shell,  is  a  member  of  the  class  of
anoparticles  known  as  ultrasmall  superparamagnetic  par-
icles  of  iron  oxide  (USPIO)s.  USPIOs  are  phagocyted  by
acrophages,  and  linked  to  their  iron  core,  they  induce  a
ignal  loss  on  T2*  images.  This  can  be  imaged  as  a marker  of
acrophages  inﬂammation.
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Application to CNS vascular disorders:
towards functional criteria of rupture risk
Aneurysms
The  prevalence  of  intracranial  aneurysms  is  as  high  as
3  to  5%  in  the  adult  population  [17].  Their  treatment,
whether  surgical  or  endovascular,  is  at  risk,  with  a  cumu-
lative  rate  of  morbidity  and  mortality  between  3  and  10%
depending  on  the  technique  used  [18—20].  The  estimated
annual  risk  of  bleeding  of  an  untreated  aneurysm  is  less
than  1%  [21].  Therefore,  a  systematic  preventive  treat-
ment  cannot  be  considered.  Furthermore,  no  recent  study
has  demonstrated  the  superiority  of  a  preventive  surgical
or  endovascular  treatment  over  a  simple  follow-up.  Con-
sequently,  the  decision  to  treat  an  unruptured  intracranial
aneurysm  is  currently  taken  on  a  case-by-case  basis,  weigh-
ing  risks  of  the  natural  evolution  and  those  of  the  treatment.
The  main  factors  that  inﬂuence  treatment  decisions  are
the  patient’s  age,  size  and  location  of  the  aneurysm.  How-
ever,  aneurysms,  with  identical  morphology  in  patients  that
share  the  same  proﬁle,  can  be  stable  or  unstable,  remain
unchanged  for  years  or  rupture,  highlighting  the  need  for
additional  markers  of  rupture  risk.
Inﬂammation  imaging
Macrophage  inﬁltration  correlates  with  the  risk  of  cere-
bral  aneurysm  rupture  in  humans  and  macrophage  depletion
halts  aneurysm  formation  in  mice  [22].  Ferumoxytol-
enhanced  MR  aneurysm  wall  imaging  of  inﬂammatory  cells
[16]  may  provide  information  on  the  natural  history  of
aneurysms.  Ferumoxytol  acts  as  an  inﬂammatory  marker
as  it  is  usually  cleared  by  macrophages  within  24—72  hours
after  intravenous  injection.  Hasan  et  al.  [23]  demonstrated
that  the  ﬁndings  of  ferumoxytol-enhanced  MRI  may  pre-
dict  the  risk  of  aneurysm  rupture:  uptake  of  ferumoxytol
in  aneurysm  walls  within  the  ﬁrst  24  hours  strongly  suggests
aneurysm  instability  and  higher  probability  of  rupture  within
6  months,  and  may  warrant  urgent  intervention  [16]. This
technique  may  allow  physicians  to  differentiate  unstable
aneurysms  from  stable  aneurysms,  for  which  observation
may  be  more  appropriate.  Speciﬁcally,  this  technique  could
be  useful  in  identifying  prone  to  rupture  aneurysms  in
the  ‘‘no  one  knows  what  to  do  with  them’’  population  of
patients  with  small  lesion  (<  5—7  mm).  This  technique  may
also  help  monitoring  of  new  therapeutic  options,  e.g.  anti-
inﬂammatory  pharmacological  therapies  [24].
4D  ﬂow  MRI
Hemodynamic  parameters  of  velocity  ﬁelds  (Fig.  1)  poten-
tially  represent  key  determinants  of  rupture  risk:  the
location  of  the  ﬂow  impaction  on  the  aneurism  wall,  the  size
of  the  impingement  zone,  the  terminal  ﬂow  pattern  type  and
the  wall  shear  stress  (WSS)  seem  to  be  of  particular  inter-
est  [25].  WSS  represents  the  tangential  force  produced  by
blood  moving  across  the  endothelial  surface.  This  stress  acts
on  endothelial  cell  function  and  gene  expression  in  addition
to  having  an  impact  on  the  shape  and  structure  of  cells  [26].
It  may  play  an  important  role  in  aneurysm  initiation,  growth
and  rupture.  Low  wall  shear  stress  and  high  oscillatory
shear  index  trigger  an  inﬂammatory-cell-mediated  pathway,
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hich  could  be  associated  with  the  growth  and  rupture  of
arge,  atherosclerotic  aneurysm  phenotypes,  while  high  wall
hear  stress  combined  with  a  positive  wall  shear  stress  gradi-
nt  trigger  a  mural-cell-mediated  pathway,  which  could  be
ssociated  with  the  growth  and  rupture  of  small  or  secondary
leb  aneurysm  phenotypes  [25].
rteriovenous malformations and dural
rteriovenous ﬁstulas
rteriovenous  malformation  (AVM)  is  an  abnormal  connec-
ion  between  arteries  and  nearby  veins,  by  passing  the
apillary  system.  Although  many  AVMs  are  asymptomatic,
hey  can  be  revealed  by  either  epilepsia,  neurological
eﬁcits,  or  hemorrhagic  stroke.  A  recent  randomized  con-
rol  trial  [27]  in  unruptured  brain  AVM  showed  that  medical
anagement  alone  is  superior  to  medical  management  with
nterventional  therapy  for  the  prevention  of  death  or  stroke.
owever,  this  trial  did  not  establish  whether  the  disparities
ould  persist  over  33  months  of  follow-up.  Consequently,
t  remains  important  to  determine  individual  bleeding  risk
actors  for  AVMs.  4D  ﬂow  MR  imaging  allows  simultaneous
easurement  of  ﬂow  in  the  entire  cerebrovascular  system
hroughout  the  cardiac  cycle,  encompassing  both  arteries
nd  veins.  It  provides  magnitude  images  that  display  the  vas-
ular  anatomy  and  3D  velocity  ﬂow  ﬁelds  that  can  be  used
o  derive  ﬂow-path,  ﬂow-tracking  cartography  [13]  and  to
stimate  important  parameters  such  as  wall  shear  stress  and
ressure  gradients  [28].
4D  ﬂow  MR  imaging  can  be  used  to  improve  the  char-
cterization  of  brain  AVMs  by  incorporating  physiological
nformation  into  the  imaging  assessment  [29]. It  is  now  pos-
ible  to  extend  the  characterization  to  not  only  include
mportant  anatomic  features  such  as  size,  location,  and
ascular  components  of  arterial  supply  and  drainage  pat-
erns,  but  also  the  ﬂow  conditions  (Fig.  2)  within  each  major
rterial  feeder,  arteries  near  the  AVM,  and  contralateral
rteries  permitting  a  global  assessment  of  ﬂow  across  the
ntire  cerebrovascular  network  [30]. The  global  ﬂow  net-
ork  can  be  further  deﬁned  by  generating  velocity-derived
ow-tracking  cartography,  providing  an  overview  of  the
ominant  ﬂow  channels,  with  a chosen  colour  code  (Fig.  3).
he  application  of  a  virtual  MR  ﬂow-tracking  cartography
llows  a  precise  assessment  of  AVMs,  distinguishing  the  dif-
erent  arterial  feeders,  the  venous  drainage  type,  and  may
elp  in  the  comprehension  of  functional  AVM  architecture.  In
ural  arteriovenous  ﬁstula,  virtual  MR  ﬂow-tracking  cartog-
aphy  demonstrated  similar  classiﬁcation  of  lesions  than  that
btained  using  a  DSA  deﬁned  bleeding  risk  classiﬁcation,  e.g
he  Cognard  classiﬁcation.  Type  of  venous  drainage,  which
s  associated  with  the  risk  of  rupture  in  a  DAVF,  was  correctly
eﬁned  using  this  technique  [13].
onclusion
D  ﬂow  and  inﬂammation  MR  wall  imaging  may  provide  indi-
idual  functional  criteria  of  evolution  and  rupture  risk  of
NS  vascular  disorders.  However,  although  this  information
s  potentially  relevant,  whether  it  contributes  to  treatment
ecision  and  provide  information  regarding  individual  risk
tratiﬁcation,  remains  to  be  determined.
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Figure 1. Application of 4D ﬂow MRI on a supra-centimetric aneurysm. Anterior (A, B) and sagittal (C) views of a dynamic digital subtraction
angiography with a 1-second temporal resolution. Streamlines pattern (D, E, F) of ﬂow within an aneurysm, showing the inﬂow jet and the
recirculatory pattern. Velocity vectors (G), allowing to visualize the ﬂow orientation, and pressure maps (H, I) derived from velocities.
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Figure 2. Before (A) and after (B) partial embolization of an AVM. The white arrow shows the decrease in size of the nidus after
embolization. Velocity measurements in the arterial feeders shows a signiﬁcant decrease after embolization (C).
Figure 3. MR ﬂow-tracking cartography applied to an arteriovenous malformation. (A) Sagittal view of digital subtraction angiography.
(B) Arterial feeders of the AVM derived from initial tracking of the internal carotid artery. (C) Arterial feeders of the AVM derived from initial
tracking of the vertebro-basilar axis. (D) Global cartography of the AVM showing arterial feeders in red and orange, the nidus in blue and
3
4
A
I
fthe deep venous drainage in green.
Clinical case
A  46-year-old  man  consults  for  left  pulsatile  tinitus.  A
standard  MR  exam  is  done,  and  added  to  it,  a  4D  ﬂow  MRI.
The  Fig.  4  shows  the  application  of  an  MR  ﬂow-tracking
cartography  on  its  vascular  disease,  compared  to  digital  sub-
traction  angiography  (DSA).
Questions
1.  The  MR  vascular  cartography  allows  to  identify  an  AVM
with  a  deep  venous  drainage.
2.  The  MR  vascular  cartography  identiﬁes  a  dural  arteri-
ovenous  ﬁstula  and  allows  classifying  it  following  the
Cognard  classiﬁcation  as  a  type  III.
d
o
a
a.  The  MR  vascular  cartography  identiﬁes  a  dural  arteriove-
nous  ﬁstula  but  does  not  help  to  classify  it  with  an  MR
Cognard  classiﬁcation.
.  No  vascular  disorder  is  visualized.
nswer
ndeed  a  pathological  shunt  is  individualized  between
eeding  arteries  and  retrograde  cortical  venous  drainage,
eﬁning  a  dural  arteriovenous  ﬁstula.  There  is  no  direct
paciﬁcation  between  the  shunt  and  venous  sinuses.  This
llows  classifying  it  following  the  Cognard  classiﬁcation,  as
 type  III.  The  correct  answer  is  2.
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Figure 4. Application of an MR ﬂow-tracking cartography on a vascular
axis. (B) Selective tracking of the vertebro-basilar axis. (C) Selective MR
TAKE-HOME  MESSAGES
• While  depiction  and  follow-up  of  CNS  vascular
disorders  following  morphological  criteria  is  the  ﬁrst
step  of  an  MR  analysis,  emerging  MR  techniques  such
as  4D  ﬂow  can  provide  important  functional  criteria.
• 4D  ﬂow  MR  imaging  can  delineate  the  hemodynamic
conditions  within  intracranial  aneurysms,  leading  to
improved  characterization  and  hence,  potentially
risk  stratiﬁcation.
• Fast  high-resolution  4D  ﬂow  imaging  techniques  are
now  applicable  in  clinical  routine,  with  an  average
scanning  time  of  6  minutes  per  encoding  speed.
Quantitative  ﬂow  parameters  including  velocity,
pressure  and  wall  shear  stress,  add  a  new  dimension
to  MR  angiography.
• The role  of  inﬂammation  in  cerebral  aneurysm
pathogenesis  can  be  assessed  in  vivo,  providing
information  that  may  impact  aneurysm
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